The purpose of this study was to develop an instrument (the Purdue instrument) and the corresponding methodologies to measure the electrostatic charge development (chargeability) of dry powders when they are in dynamic contact with stainless steel surfaces. The system used an inductive noncontact sensor located inside an aluminum Faraday cage and was optimized to measure the charging capabilities of a fixed volume of powder (0.5 cc). The chargeability of 5,5-diphenyl-hydantoin, calcium sulfate dihydrate, cimetidine, 3 grades of colloidal silicon dioxide, magnesium stearate, 4 grades of microcrystalline cellulose, salicylic acid, sodium carbonate, sodium salicylate, spray-dried lactose, and sulfinpyrazone were tested at 4 linear velocities, and the particle size distribution effect was assessed for 3 different grades of colloidal silicon dioxide and 4 different grades of microcrystalline cellulose. The chargeability values exhibited a linear relationship for the range of velocities studied, with colloidal silicon dioxide exhibiting the maximum negative chargeability and with spray-dried lactose being the only compound to exhibit positive chargeability. The instrument sensitivity was improved by a factor of 2 over the first generation version, and the electrostatic charge measurements were reproducible with relative standard deviations ranging from nondetectable to 33.7% (minimum of 3 replicates). These results demonstrate the feasibility of using the Purdue instrument to measure the electrostatic charge control capabilities of pharmaceutical dry powders with a reasonable level of precision.
INTRODUCTION
The goal of mixing in pharmaceutical operations is homogeneous, nonsegregating mixes, but this desired result is not always attained. The solid systems of excipients and active ingredients can suffer electrostatic charging by contact or friction electrification (tribocharging) caused by interactions among particles or between particles and the surfaces that contain them. These interactions can affect formulation, manufacture, powder flow, and packing behavior and can reduce fill and dose uniformity during final use by patients in products such as inhalers. [1] [2] [3] In addition, it has been reported that electrostatic charges are also responsible for problems in blend uniformity. 4, 5 Electrostatic charge can result in poor powder-flow properties during filling or emptying of pulmonary drug delivery devices (inhalers). 6 These devises, when using the pulmonary route to administer systemic drugs, use ordered mixtures of fine drug particles adhered to larger carrier particles. The drug particles are in the size range of 1.0 to 2.0 μm and therefore have a tendency to carry a high surface charge, increasing the cohesiveness of the mixture and affecting the powder-flow properties. These properties can be improved during the formulation by selecting the proper excipients that will be accompanying the active compound 2 or during the design of the dispenser material to minimize the effects of the powder/internal-surfaces interactions. In addition, the study of chargeability (the physical property of a material to charge electrostatically when subject to contact, friction, or sliding) of pharmaceutical powders is important to understanding the mechanism for the release of active pharmaceutical ingredients (API) from the carrier particles in dry powder inhalers.
The development and use of appropriate methods for the characterization of different excipient functions is an important part of the excipient design by particle engineering. One of these methods characterizes the tendency of dry powder to become charged electrostatically, and this net positive or negative tendency is called chargeability. The literature does not have a database of chargeability of dry powders that allows the comparison of their values because the instrumentation and the methodologies used are so diverse that it is very difficult to compare results from different studies.
There is no standard instrument for the measurement of the chargeability of dry powders, which contrasts with other industrial applications of chargeability of materials, such as the electronics industry, where there are standards for quantifying material electrostatic discharge.
Because of the importance of the study of chargeability and the need for comparable measurements of this parameter for different pharmaceutical powders, this study presents the development of an instrument and the corresponding methodology to measure the charge-control capabilities of several common excipients and active ingredients.
MATERIALS AND METHODS

Materials
The 16 pharmaceutical compounds used in this study and their physical properties are listed in Table 1 . All the compounds were received in the original manufacturer packaging and tested prior to their expiration date. Spectrophotometric grade acetone (Mallinckrodt Inc, Hazelwood, MO) was used to clean the internal surface of the charging pipe. The temperature of the processing environment was (mean ± SD) 22.02-C ± 0.73-C, and the relative humidity (RH) was 46.6% ± 10.3%. A laboratory-quality compressed air cylinder (BOC Gases, Murray Hill, NJ) with 10 ppm maximum moisture content was used to convey the powder to the sensor.
Chargeability Measurement Instrument
The instrument was designed and constructed in the Purdue Air Pollution Laboratory and was based on a previous model developed in the same laboratory. 15 In this study the instrument and the corresponding protocol were modified in order to improve the instrument sensitivity and precision. The instrument consisted of 3 systems: airflow control system, charging pipe, and measuring-data acquisition system (Figure 1 ).
Airflow Control System
The airflow control system, consisting of a pressure-regulated dry-air gas cylinder supplying air at 206.84 kPa, was used to avoid any oil or particle contamination. Other equipment 
Charging Pipe
The charging device consisted of a horizontally oriented, electrically grounded 304 stainless steel pipe, 11.89-mm inner diameter, and 1.22 m long. Stainless steel was chosen because it is the industry standard for handling these materials. The sample inlet port was located at the top of the pipe, 1.041 m from the end. This is another feature that differentiates this design from the Gajewski and Szaynok 16 design, in which the sample powder was placed at the end of the pipe and then conveyed pneumatically through the sensor ring without emphasizing powder-surface interaction. Five identical stainless steel pipes were obtained from the same production batch to ensure the same internal surface roughness and composition. The charging pipe was grounded at one end only. The pipe's exit end entered into a Faraday cage through a rubber ring isolated hole at 6.35 mm (0.25 inches) from the sensor ring.
Faraday Cage
The sensor system included the Faraday cage, the sensor ring, and the data acquisition system. The Faraday cage was constructed of aluminum with internal dimensions of 540-mm wide, 292-mm deep, and 324-mm high, for a total volume of 51 L. Every part of the cage was grounded. Finally, a copper screen cage door, which was electrically connected to the cage allowed the conveying air to exhaust outside (for nonactive or hazardous compounds). A careful cleaning procedure was followed before each test using a high efficiency particulate (HEPA) filter.
Charge Sensor
The electrostatic charge sensor consisted of a copper ring with a 25.4-mm outer diameter, 12.75 mm in length, with 3.175-mm wall thickness. This is the same ring design used by Ghosh 15 on the first generation of this instrument, and it was a modification of a design presented by Gajewski and Szaynok. 16 The Purdue design used a clean stainless steel pipe for each sample tested, so the sample powder was always in contact with a clean surface. A shielded coaxial cable was connected to the sensor ring to collect the voltage signal induced by the powder cloud as it traveled through the center of the sensor ring. This signal was processed in an analog-to-digital converter and recorded as volts. Figure 2 and Figure 3 show examples of the voltage data measured by the sensor ring versus time. Figure 2 was obtained using a steel ball charged negatively with coronagenerated unipolar ions, which presents a clear symmetry because the electric charge is concentrated on the surface of the ball. The recorded chargeability is the value of the first absolute-maximum or absolute-minimum generated when the charged ball is approaching the sensor ring, which defines the polarity of the ball-in this case a negative polarity. The second peak, a positive peak, is generated when the ball moves away from the sensor ring. In the same way, Figure 3 shows the voltage induced by a cloud of salicylic acid crystals. Because we used a sample of powder that is blown using air, the cloud was assumed to have a shape close to a sphere. This assumption was verified by Gajewski and Szaynok 16 using high-speed photography. 
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Data Acquisition System
The data acquisition system involved a Computer Boards analog-to-digital (A/D) converter board and its companion software (Computer Boards Inc., Westford, MA). The converter board was calibrated to set the gain of the instrument to the range of voltages (±1250 mV) measured during the preliminary tests. The A/D converter board had a resolution of 12 bits.
Data were collected at a 2.5 kHz signal sampling rate during 3.2 seconds. The signal-to-noise ratio of the instrumentation was improved in order to measure the chargeability of compounds that develop a weak signal even when tested at the intended maximum velocity. This improvement was achieved by using a different strategy for grounding and shielding the sensor ring and signal cable, resulting in a 2-fold improvement. The average baseline signal range of the prior design was ±5 mV and the value obtained with the improved design was ±2.5 mV and the zero offset of 5.74 mV. All data collected from the sensor ring were corrected for this zero offset.
In order to verify the repeatability of the instrument readings through all the tests, a blank test was run periodically to confirm the level of base-line signal noise. These blank tests were performed under the exact same conditions, except that no powder was in the charging pipe; the tests showed the noise level invariant.
Methodology
Sample Conditioning and Weighing
Powders were dried on a glass culture dish for 60 hours at 40-C in a BlueM Electric Co digitally controlled oven (BlueM Electric, Watertown, WI). This temperature was selected because some compounds can lose their water of crystallization above this temperature. The depth of the powder bed in the glass Petrie dish was kept at a maximum of 5 mm as recommended by the United States Pharmacopoeia (USP) Loss on Drying Method. 17 Samples of pure compound were stored in a desiccator over silica gel and kept in the dark until they were used for the chargeability tests. Powders were weighed with a Mettler Toledo precision balance with 0.1 mg precision (model AB204, Mettler Toledo, Columbus, OH). The powders were taken out of the desiccator just before the weighing procedure, exposing the sample for approximately 3 minutes to the laboratory ambient air. Weighing paper (VWR Scientific Products Corp, West Chester, PA) was used to weigh the powder sample, and the same paper was carefully folded to deposit the powder sample into the conveying pipe through a 6.35-mm hole. An antistatic wrist strap was used to keep the researcher grounded, which yielded a noticeable improvement in the gravimetric measurement reliability.
From a previous study by Ghosh, 15 it was established that the chargeability of powders was more related to the powder volume than to the powder mass. Therefore, a powder sample volume of 0.5 cc was used in this study to measure the powder's chargeability. Using the powder bulk density, the mass corresponding to a volume of 0.5 cc of powder was calculated. For some compounds, the bulk density was measured in the Civil Engineering Air Pollution Laboratory following the General Method I -Measurement in a Graduated Cylinder -for Bulk Density of the USP. 17 
Flow Characterization
The solid loading, defined as the mass solid flow divided by the mass gas flow, was in the very dilute regime, exhibiting a value of 0.262 g of solids per gram of air.
During powder transport through the pipe, the airflow was in the fully turbulent regime with a Reynolds number greater than 6600, which increases the particle-to-pipe contact.
Charging Pipe Cleaning
Previous research has demonstrated the importance of surface contaminants such as powder particles and moisture, 18 and the type of liquid used to clean the surfaces, 19 on the chargeability of pharmaceutical powders. To control these effects, the stainless steel pipe was first dry cleaned with a nylon cylindrical brush and rinsed with spectrophotometric grade acetone. Immediately before the test, the pipe was washed using dry air for 15 seconds. Every test was performed with a clean pipe in order to expose the powder sample to a clean surface.
Charge Measurement
After the pipe was introduced into the Faraday cage and positioned 6.35-mm from the sensor ring, the powder sample was introduced into the pipe's sample inlet port. The airflow control solenoid valve was activated for 10 seconds to blow the powder sample through the pipe, thereby tribocharging the powder, which was the fundamental difference of this approach with previous research. 16 This tribocharging process simulated the industrial conditions of the friction present in pneumatic conveying and mixing processes.
The sensor ring, located inside a Faraday cage, was protected from external electromagnetic interferences. The sensor ring was connected via coaxial cable to the analog-to-digital converter computer board. The charged powder cloud generated a voltage signal when passing through the sensor ring.
Testing Active Compounds
To test the active compounds such as 5,5 diphenyl hydantoin, a suspected carcinogen, a containment system was designed, which included the Faraday cage powder "receiver" and filters housed within a standard laboratory hood.
RESULTS AND DISCUSSION
The Velocity Effect of Chargeability Table 2 shows the average data for the 11 compounds studied at varying air velocities, with 3 replicas minimum per compound and per velocity. The volume specific chargeability (expressed as mV/0.5 cc) was used to calculate the statistical parameters. For example, the first compound on Table 2 is spray-dried lactose. This compound was tested at 4 air speeds, starting at the highest and going down to the lowest velocity that still generated a detectable signal. For convenience, the data are presented in ascending order of air velocities. The number of replicates, presented in the next column, was in the range of 3 to 15 for all the 11 compounds and for spraydried lactose was either 4 or 5. The average of the powder sample weight (keeping the 0.5 cc volume constant) is specified in the next column in grams. The average chargeability of spray-dried lactose after 5 replicated tests at 5.7 m/s air velocity was 24.28 mV. Because the sample volume was kept constant, this value is reported as 24.28 mV/0.5 cc. Each value of chargeability was corrected for the zero offset of the signal by adding 5.74 mV to each individual chargeability. The next column shows the standard deviation calculated from the zero-corrected data. The coefficient of variation (CV) or relative standard deviation (RSD) is presented in percentage form in the next column as well as the 95% confidence interval. Finally, the last column presents the calculated average of the mass specific chargeability (MSC), which was obtained after each individual test.
These values of chargeability are very difficult to compare with others available in the literature because the conditions of the experiments were not the same. Some similarities between tests can be found, but the dominant phenomena (ie, interactions between particles and the surface of the container) are different. For example, Reis et al 20 reported a negative charge when testing microcrystalline cellulose (Avicel PH101, FMC Corp., Philadelphia, PA) as received after being stored in polyethylene bags; they measured the charge using a Faraday well technique. In contrast, Watano et al 21 reported that Avicel PH101 exhibited a positive charge, measured by an electrostatic field sensor, when tested dried or as received in a stainless steel fluidized bed. When Murtomaa et al 22 tested Avicel PH200, as received, in an acrylic fluidized bed column (35% RH and 27ºC) using a sensor ring, the powder exhibited a positive charge before and after fluidization.
Preliminary experiments using the first generation Purdue chargeability instrument reported a positive charge for lactose after being equilibrated at 25% RH. 23 Watano et al, 21 using an electrostatic field strength sensor, reported that lactose (Pharmatose 200M, DMW, International, Veghel, The Netherlands) exhibited a positive charge during a stainless steel fluidized bed test. Bennett et al 24 tested crystalline and spray-dried lactose samples neutralized with a radioactive source in a stainless steel cyclone, obtaining a negative charge in both cases. Murtomaa et al 22 Note from Figure 4 that the absolute value of the volume specific chargeability (mV/0.5 cc) increased as the particle size decreased from the L90 to the M5 grade. For smaller sizes of Cab-O-Sil (ie, EH5, the chargeability appears to plateau with respect to smaller sizes). A chargeability increase with diminished particle size was not an unexpected trend since it is known that surface area plays a part in dry powder chargeability. The smaller particle size has a greater bulk specific surface area and therefore can hold a greater charge. This property makes Cab-O-Sil an excellent candidate for a charge control agent in multicomponent mixtures.
In addition to the 3 grades of Cab-O-Sil studied, 4 grades of microcrystalline cellulose (Avicel) were studied as well. The chargeability of each grade also exhibited an inverse relationship with the particle size. The smaller the particle size, the higher the absolute value of the chargeability. The chargeability values obtained were in the range 31.12 to 68.75 mV/0.5cc, with the 2 higher chargeability values taken by the 2 smaller grades (PH105 and PH101), and the 2 lower chargeability values taken by the 2 bigger grades (PH102 and PH200). These values are summarized in Table 3 . Table 3 shows the chargeability data of the 16 compounds studied at the 21.2 m/s velocity and one more powder physical parameter: specific surface area. Table 3 was sorted by the volume specific chargeability from the more positive to the more negative, to show the wide range of chargeability values among these common excipients and active ingredients. In this case the active ingredients were in the middle of the range, emphasizing the possibility of using any of the excipients on the extremes of the range to minimize the mixture chargeability.
Note how the moisture content affected the chargeability of Avicel PH101. When tested as received, its chargeability was positive, but when tested dried its chargeability measured negative. This finding showed that Avicel can hold its charge when dried and release it when its moisture content increases. Lactose showed the same charge polarity when tested dried and as received. This aspect will prove to be useful for the pharmaceutical formulators (and other drypowder mixture manufacturers as well) because they can incorporate the powder chargeability among the set of criteria to define the formulation of dry mixtures in order to optimize their blend uniformity.
Instrument and Methodology Characterization
The CV was used as an indicator of the precision of the methodology and instrumentation used in this study given that only pure compounds were used. The absolute range of values for the CV was between a nondetectable value (ND) and 33.7% (Table 2) , with an average value of 16.1%.
The CV of the average values of chargeability (Table 2) , calculated for each air speed of 5.72, 10.62, 15.52, and 21.24 m/s were 11% (n = 15), 15% (n = 34), 19% (n = 47), and 16% (n = 42), respectively, where n is the number of tests performed at that velocity. These values are of the same order of magnitude for comparable tests such as those completed by Zhao et al 25 using a vertical array of 7 Faraday pail sensors (the upper 6 with open holes on top and at the bottom, and a normal Faraday pail at the bottom), where the CV values were in the range 15.5% to 56.81% with an average value of 42.39% (n = 72). Zhao et al's tests used 3 replicas to test 3 different compounds as was done in this study. Another example of the precision obtained in measuring powder chargeability is the work of Carter et al, 5 who obtained an average CV of 106.85% (n = 30) when testing 1 excipient and 2 active ingredients: micronized lactose, salbutamol sulfate, and beclomethasone dipropionate (BDP). Carter et al used a cyclone separator and a Faraday well and 5 determinations for each value of chargeability.
Industrial Application
The chargeability of pharmaceutical compounds is expected to become a standard reported property in the pharmacopeias, given the known effect of this property on the performance of dry powders in mixtures and inhalation formulations. 
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The present work could be the starting database of a multiinstitutional effort to classify all the common excipients used today in pharmaceutical formulations using this inexpensive and portable instrument.
CONCLUSIONS
The results showed that there are common excipients, such as colloidal silicon dioxide, that have the potential to be used as charge control agents and that these can be identified by this instrument and methodology. The sensitivity of the Purdue instrument allows the measurement of chargeability of different grades (with different particle size distributions) of the same compound, which has the potential to enhance the formulation optimization process, especially when the excipient options are limited or the available amounts of new active compounds is small.
